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Abstract 
Catheter ablation is a common treatment for atrial 
fibrillation (AF), but long-term patient outcomes remain 
suboptimal. Knowledge of the location of re-entrant 
drivers (RDs) sustaining AF can help optimize ablation 
strategies for individual patients. Increasing evidence 
suggest that both fibrosis and atrial wall thickness (AWT) 
can influence the RDs dynamics. This study aims to analyse 
the role of fibrotic patches and AWT in determining RD 
sites in human right (RA) and left (LA) atrial models. 
 Atrial geometries and fibrosis distribution were 
obtained from 2 healthy volunteers and 2 AF patients using 
MR imaging. These 4 subject-specific geometries were 
integrated into 3D atrial models with the Fenton-Karma 
model adopted to reproduce atrial electrophysiology.  
In the RA model without fibrosis, RDs anchored to the 
crista terminalis (CT) if initiated near a prominent AWT 
gradient between this bundle and surrounding RA. In the 
presence of fibrosis, RDs either pinned between the CT and 
fibrotic patch or anchored to the latter, depending on the 
distance from their initiation site to the CT. In the LA 
model without fibrosis, RDs drifted towards the thinner 
pulmonary veins. However, with fibrotic patches added, 
RDs either anchored around them or broke down into 
multiple wavelets. These findings can help identify RD 
locations from imaging data and guide ablation therapy. 
1. Introduction 
Atrial fibrillation (AF) is the most commonly sustained 
cardiac arrhythmia. It is characterized by complex 
spatiotemporal organization [1] and is associated with 
increased risk of heart failure and stroke [2].  Catheter 
ablation is a well-established treatment option for AF 
which allows for specific destruction of arrhythmogenic 
tissue [3]. The efficiency of ablation procedures could be 
greatly improved if there were reliable methods for the 
accurate identification of the regions that harbour the re-
entrant drivers (RD) sustaining AF. Ablation procedures 
for paroxysmal AF have been successful by isolation of the 
pulmonary veins (PV) which are the primary location of 
RDs in the left atrium [4]. However, the progression of AF 
results in ionic and structural remodelling of the atrial 
substrates, making RD locations harder to predict [5]. In 
such cases, identifying atrial RD locations requires a better 
understanding of the interplay between structural and 
functional mechanisms of AF in individual patients. 
Recent experimental evidence from animal models have 
suggested that RDs can anchor to regions with large AWT 
[6], but studies to confirm this observation in realistic 
human atrial geometries are lacking. In addition to AWT, 
increasing evidence suggest that atrial fibrotic regions may 
play an important role in RD initiation and anchoring by 
providing regions of slow and/or irregular conduction [7]. 
Figure 1: Workflow for the extraction of atrial geometries (top row) and fibrosis (bottom row) from MRI data and registering and then 
projecting them to evaluate the effect of fibrotic patches and AWT gradients on the RDs dynamics.  
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A better understanding of the role of structural factors, 
such as AWT and fibrosis, may help determine optimal 
ablation sites. In this study, we aim to investigate the role 
of AWT and fibrotic patches in determining anchoring of 
RDs using computational modelling performed on 3D 
atrial geometries and fibrosis obtained from subject-
specific magnetic resonance imaging (MRI) data. 
 
2. Methods 
The modelling workflow consisted of subject-specific 
extracting atrial geometries and fibrosis distributions from 
MRI, integrating them into 3D human atrial models and 
implementing AF simulations, with and without the 
presence of AWT gradients and fibrosis. A schematic of 
this workflow is shown in Figure 1. 
 
2.1. AWT Measurements 
Two healthy volunteers and two AF patients were 
scanned using a novel black-blood PSIR MRI protocol 
(1.5T, cardiac and respiratory gated, 1.4x1.4x1.4 mm). The 
right (RA) and left atrial (LA) geometries of healthy 
volunteers and patients, respectively, were obtained by 
manual segmentation using ITK Snap. The AWT maps for 
all geometries were computed using previously published 
methods [8]. This involved the generation of epicardial and 
endocardial meshes from the segmentations and the 
computation of the AWT maps by averaging the distance 
between nearest nodes on corresponding meshes. 
2.2. Fibrosis Imaging 
The two AF patients also underwent LGE MRI 
acquisition in the same scanning session (1.5T, cardiac and 
respiratory gating, 1.3x1.3x2mm) for detection of fibrosis 
in the LA. Due to constraints in scan time, LGE data was 
not acquired in the RA. Segmentation of fibrotic tissue was 
performed by analysing the image intensity ratio (IIR), 
computed by dividing individual voxel intensities by the 
mean blood pool intensity. IIR values >1.08 were 
classified as interstitial fibrosis and >1.32 as dense fibrosis. 
The IIR threshold of 1.08 was obtained as an average of 
the previously proposed values of 1.2 [9] and 0.97 [10]. 
Interstitial to dense fibrosis was modelled by labelling 
segmented fibrotic tissue from 1 to 5 based on LGE MRI 
intensity. These fibrotic regions were then registered with 
and projected onto the LA geometries for the same 
patients. In the RA, due to lack of fibrosis data we added a 
3D spherical fibrotic patch of radius 4.5 mm, with labels 5 
to 1 from the centre to outside as shown in Figure 2A, B. 
 
2.3. 3D Atrial Simulations 
The 3D atrial model integrated subject-specific atrial 
geometries with the Fenton Karma electrophysiology 
model modified to accurately described the restitution 
properties of remodelled atrial cells [11]. The simulations 
were performed by solving the monodomain equation (1) 
with no flux boundary conditions, separately on the LA and 
RA, using forward Euler finite differences schemes with a 
Figure 2: The RDs trajectories (blue) in the RA, obtained by AF simulation at two locations (yellow dots), without and with the presence 
of fibrosis have been overlaid on the AWT map and fibrosis distribution (A & D), respectively for person 1 (left) and 2 (right). In person 
1, without fibrosis, RDs initiated at both positions 1 and 2 drifted towards the CT, with a large AWT gradient shown in B (i) and C (i), 
respectively. However, with fibrosis, RDs got pinned when initiated at position 1 (B (ii)), located between the CT and fibrotic patch and 
fully anchored to the latter for position 2 (C (ii)), located further away from CT. In person 2, without fibrosis, RDs initiated at both 
positions (E (i) & F (i)), neither drifted towards the thinner CT nor showed anchoring. Instead, with fibrosis, RDs initiated at both 
positions (E (ii) & F (ii)) anchored to and drifted around the fibrotic patch. CT: Crista terminalis, SVC: Superior vena cava. 
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temporal and spatial resolution of 0.005 ms and 0.3 mm. 
𝜕𝑉
𝜕𝑡
= 𝛻. (𝑫 𝛻𝑉) −
𝐼𝑖𝑜𝑛
𝐶𝑚
                                             (1) 
Here ∇ is a spatial gradient operator, 𝑉 (mV) is the 
membrane potential and 𝑡 is time (ms). 𝑫 is the tensor with 
diffusion coefficients (mm2 ms-1) that characterises the 
spread of membrane potential within the tissue, 𝐶𝑚  (pF) is 
the membrane capacitance, and 𝐼𝑖𝑜𝑛   is the total membrane 
ionic current (pA). Our model was isotropic and the 
diffusion tensor was replaced by a scalar diffusion 
coefficient D = 0.1 mm2 ms-1, carefully chosen to match an 
atrial conduction velocity of 0.65 m s-1 typical of AF. The 
effect of fibrosis on slowing atrial conduction [7] was 
modelled by a progressive decrease in the diffusive 
coupling by reducing D within segmented fibrotic tissue by 
17% to 83% for tissues labelled 1 to 5, respectively.  
RDs were initiated at different locations within the atrial 
geometry using a cross-field protocol, and their phase 
singularity points were tracked. Each tracked RD 
trajectory was then overlaid separately on AWT and 
fibrosis maps of individual patient’s atrial geometry. Each 
simulation was performed with and without the presence 
of fibrosis for a duration of 3s in the RA and 5s in the LA.  
 
3. Results 
3.1. Simulations in the RA 
The AWT map computed for one of the subjects (Figure 
2A) showed a prominent thickness gradient at the crista 
terminalis (CT), 3.46 ± 0.86 mm compared to the 
surrounding RA wall, 2.09 ± 0.38 mm. In this subject, 6 
out of 9 of the initiated RDs drifted towards the CT, either 
anchoring to it (Figure 2B (i), C (i)) or drifting over it to 
the opposite side of the geometry. However, in the RA 
geometry from another subject (Figure 2D), the CT was 
not easily distinguishable from the remaining RA wall. 
Consequently, the RDs neither drifted towards the CT, nor 
showed anchoring at any location (Figure 2E (i), F (i)).  
When these simulations were repeated in the presence 
of the synthetic fibrotic patch, the RD trajectories were 
affected in both subjects, as shown in (ii) columns of 
Figure 2. For the RA with a prominent CT (Figure 2A), the 
RDs initiated closer to the fibrotic patch either got pinned 
in a region between the CT and the patch (Figure 2B (ii)), 
or anchored to the outer boundary of the latter (Figure 2C 
(ii)), depending on the distance of their initiation site to 
either structures. In the RA with no thickness gradient at 
the CT (Figure 2D), all the RDs anchored to the fibrotic 
patch (Figure 2E (ii) and F (ii)). 
 
3.2.  Simulations in the LA 
The AWT maps computed for one of the patient’s LA 
geometry (Figure 3A) showed a high AWT at the LA roof 
(4.77 ± 0.60 mm) compared to rest of the atrial wall (2.96 
± 0.31 mm). The RDs were seen to drift towards and along 
the LA roof (Figure 3C (i)), when initiated in its proximity, 
and the ones initiated further away drifted towards the PV 
(Figure 3B (i)). The AWT map for another patient’s LA 
(Figure 3D) was characterised by roughly uniform 
thickness of 2.53 ± 1.20 mm. The RDs initiated in this 
geometry drifted either towards the slightly thinner PVs 
(Figure 3E (i)) or the mitral valve (Figure 3F (i)). 
The LGE MRI intensity-based segmentations yielded 
different fibrosis distributions in the 2 AF patients, as 
shown in Figure 3A, D. Both patient’s LAs had fibrotic 
tissue in regions surrounding the PVs, with higher degree 
Figure 3: The RDs trajectories (blue) in the LA, obtained by AF simulation at two locations (yellow dots), without and with the presence 
of fibrosis have been overlaid on the AWT map and fibrosis distribution (A & D), respectively for person 3 (left) and 4 (right). In person 
3, without fibrosis, RDs initiated at position 1 and 2 were seen to drift towards the PVs (B (i)) and LA roof (C (i)), respectively. However, 
with fibrosis, RDs destabilized from its initial location to a secondary location (B (ii)) for position 1 and anchored to the fibrotic regions 
(C (ii)) for position 2. In person 4, without fibrosis, RDs initiated at positions 1 and 2 drifted towards the PVs (E (i)) and MV (F (i)), 
respectively. However, with fibrosis, RDs continued to drift towards the PVs (E (ii)) for position 1, but anchored to the fibrotic region (F 
(ii)) for position 2. PV: Pulmonary vein, MV: Mitral valve.  
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of fibrosis in one patient (Figure 3A) compared to the other 
(Figure 3D). In the LA model, simulations repeated with 
the presence of fibrosis showed variable RD behaviours. In 
some cases, there was stable anchoring to the border zones 
of the fibrotic tissue (Figure 3C (ii), F (ii)), while in others 
there was breakdown of the primary RD into multiple RDs 
in fibrotic regions. In addition, the displacement of the RD 
from its initial anchoring site to a secondary location 
surrounding a fibrotic patch was observed (Figure 3B (ii)). 
 
4. Discussion 
The results obtained from the RA and LA model 
simulations suggest that the RD dynamics are highly 
dependent on the structural makeup of individual patient 
geometries. In the RAs, majority of atria tachycardia have 
been recorded along the long axis of the CT [12]. Our 
results suggest that RDs anchor to the CT in the absence of 
fibrosis, in patients with a large gradient in AWT at the CT 
compared to the surrounding RA. Hence, RDs are more 
likely to be found along the CT for these patients compared 
to ones that lack a relatively thick CT.  
The interaction between fibrosis and heterogeneity in 
AWT played a major in determining RDs behavior in the 
RA. Using a synthetic patch of fibrotic tissue located near 
the CT, we showed the pinning of RDs at locations where 
the influence of the fibrotic tissue was balanced by the 
competing influence of the AWT gradient of the CT.  RDs 
fully anchored to the fibrotic patch only when RDs were 
initiated further away from the CT with large AWT 
gradients. Such behavior suggests that the location of RDs 
is dependent on the interaction between these two 
structural components. Therefore, patient-specific imaging 
of AWT and fibrosis in the RA could be helpful when 
planning ablation strategies. This hypothesis, initially 
drawn from observations in the RA, was then tested in 
simulations with the LA using realistic fibrosis data. 
In the LA in the absence of fibrosis, RDs most often 
localized in the regions surrounding the thinner PVs. 
However, with fibrotic tissue present, RDs either anchored 
around them or broke down into multiple wavelets. These 
results contribute to the understanding of why PV ablations 
are optimal in paroxysmal AF patients with a low fibrotic 
burden. Therefore, assessment of fibrosis in AF patients 
may assist in the prediction of sites where RDs anchor. 
In summary, the CT with high AWT gradients can be 
the primary anchoring location for RDs in the RA. 
However, the RD locations in the LA were more sensitive 
to presence of fibrotic tissue. Hence, noninvasive 
assessment of AWT and fibrosis may contribute towards 
AF patient stratification and guidance of ablation therapy. 
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